It is well known that the sequence of induced emf spikes in a Barkhausen spectrum bears no resemblance with the sequence of spikes in successive field cycles; in general, no two spectra are ever alike. The present study reports the observation of remarkably reproducible Barkhausen spectra over repeated field cycling in TbFe/FeCo exchange spring multilayers. Their reproducibility is shown to have origins in the highly synchronized and cooperative motion of domain walls in different layers. Whereas a handful of previous studies have previously shown limited reproducibility in small field excursions, in small samples, or over small distances, the reproducibility of magnetic avalanches in the present study occurs along the entire major magnetization loop, and the emf avalanches can be reproducibly transmitted over macroscopic distances (~1 cm). The complexity of these highly reproducible spectra varies with the in-plane field direction, and reveals a new mode of magnetization reversal along the hard axis. Results also provide an avenue for information transmission over macroscopic distance in a magnetic medium.
I. INTRODUCTION
Langmuir had originally predicted the existence of magnetic domain walls and a finite velocity for their propagation 1 to explain the observed dynamics of magnetization reversal, 2 a prediction that was subsequently confirmed by the classic works of Sixtus, Tonks, and Langmuir. [3] [4] [5] [6] In a varying magnetic field, microscopic segments of domain walls randomly get pinned by defects.
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Locally, once the applied field exceeds the pinning force, the abrupt unpinning of wall segments causes sudden changes in flux within the microscopic volumes of the material. This rate of change of flux can be easily followed by an adjacent Faraday coil; the magnitude of induced emf ξ being proportional to the rate of change of flux with time ξ
. The resulting distribution of voltage spikes as a function of applied field is commonly referred to as the Barkhausen 'spectrum'. 2 In general, a cascade of voltage spikes occurs near the coercive fields as a result of a large number of unpinning events in the material. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] One can thus view a domain wall as a microscopic 'probe' of the magnetic medium as it moves in an applied field. Moreover, the use of such a probe is also not limited to studying wall-defect interactions only. For example, the induced emf caused by wall motion can be used to investigate wall velocity, wall mobility, its temperature dependence, damping, as well as temperature or pressure dependent spin reorientation. 3, 4, 17, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] Pertinent to the present study, motion of domain walls in a magnetic multilayer can also be used as a probe for inter-layer coupling strength. This is because in multilayers, the magnetic behavior of one layer is influenced by other layers due to direct and/or indirect exchange interactions. The demagnetization of stray fields, emanating from domain walls in different layers, through interlayer flux closure is well known to reduce the domain wall energy and increase the wall width, giving rise to new wall structures that are otherwise not possible in single films. [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] The overlapping walls in different layers reduce the overall energy by creating so-called twin walls that are comprised of Néel walls and quasi-Néel walls. The stray fields emanating from a Néel wall creates a magnetic disturbance in adjacent layers, causing their magnetization to locally rotate relative to the magnetization profile within the Néel wall, giving rise to so-called quasi-Néel walls; see Ref. [38, [43] [44] [45] [46] [47] [48] [49] [50] and references within for structure, energy, and observation of twin walls. This is shown, for example, in a 3 TbFe/FeCo multilayer in Fig. 1 (a) and schematically in Fig. 1(b) . Depending on the strength of coupling, individual layers can either undergo reversal largely independent of each other (weak coupling), or in unison via lock-step motion of a twin wall (strong coupling). 47 Whereas in certain applications it is desirable to purposely decouple different layers (as is the case, for example, in giant magnetoresistance spin valves [51] [52] [53] [54] [55] where the ferromagnetic 'free' layer is deliberately decoupled with respect to the antiferromagnetically-pinned ferromagnetic layers to maximize the magnetoresistance effect), in many other instances, the layers have to be coupled strongly to ensure a unified magnetization response. This, for example, is the case for giant magnetostriction TbFe-FeCo multilayers based on Kneller's exchange spring mechanism, 47, [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] where weak coupling would cause the magnetostriction effect to diminish. Obviously in such multilayers, instead of independent motion of domain walls in individual layers, the cooperative motion of twin wall is more relevant and is the focus of the present study.
II. EXPERIMENTAL DETAILS
The TbFe/FeCo multilayers were deposited by magnetron sputtering on Si<100> substrates that were coated with 6 nm Ta seed layer for better adhesion. The sputtering was carried out at 40 W in an Ar pressure of ~3 mTorr in a ultra high vacuum chamber whose base pressure was ~10 -8 to 5x10 -9 Torr. Samples were capped with ~2.5 nm thick Au layer to prevent oxidation over time.
The {TbFe (7 nm)/FeCo (10 nm)} films were deposited with number of bilayers ranging from 1 to 50; the TbFe was always the starting layer. The individual layer thickness is below the domain wall thickness to prevent formation of domain walls parallel to the interfaces, whose presence would otherwise lead to a more complex domain behavior (and reduced magnetostriction); the magnetoelastic behavior of similar films is discussed previously. 47, 61, 62 Magnetization curves 4 were measured along different in-plane directions using a room temperature vibrating sample magnetometer.
As shown in the following section, these multilayers undergo magnetization reversal by nucleation and motion of a single twin wall across the entire area of the samples ~1.8 cm x ~1.8 cm, as opposed to nucleation and growth of multiple twin walls in different regions of the sample. The cooperative dynamics of twin wall was detected by placing a miniaturized inductive pickup coil on the surface of the sample, as shown schematically in Fig. 2 (not drawn to scale).
The sample and the pickup coil sits between the pole pieces of an electromagnet, and cycled between fields as high as ±2500 Oe, as dictated by the saturation characteristics of individual samples. The motion of the twin wall induces an emf signal, which is detected by the pickup coil.
The signal is fed into a custom designed low-noise (~400-500 nV), two-stage voltage amplifier.
The first stage of the amplifier has a gain of 5k and the second stage has a gain of 10, for a total gain of 50k. The amplified signal is then passed through a high-pass filter to remove the dc component of the signal, followed by another filter that is bandwidth limited from 1 kHz to 10 kHz. Batteries were used to power the circuit to ensure a clean supply. To minimize the influence of external noise, the entire assembly was placed inside a Faraday cage, as shown in Fig. 2 . To measure the velocity of the wall as a function of driving rate, two similar pickup coils were placed on the sample 1 cm apart. The time taken by the wall to move this distance can then be used to measure the wall velocity. To ensure that the same wall is being traversed across both the pickup coils, the polarity of one coil was reversed relative to the other to deliberately invert the sign of the induced emf signal in one coil relative to the other. In addition, emf experiments with in-situ micromagnetic observations were also done, which provided direct confirmation of reversal in the entire sample by a single twin wall.
5
The micromagnetic structure was studied using the high resolution Interference Contrast Colloid (ICC) method, 67 and is described in detail elsewhere. 61, [68] [69] [70] [71] Briefly, the ICC method employs a colloidal solution to decorate the microfield on a magnetic surface, similar to the versatile Bitter method. 72 However, the technique differs in the manner in which the colloid decorated microfield is detected. In the Bitter method, a problem in contrasts develops in the bright field or the dark field mode due to backscattering by particles and various surfaces between the objective lens and the specimen, which results in an overall loss of resolution. Instead, the ICC method uses a Nomarski interferometer to detect the surface micro-field distribution. The magnetic microfield on the surface causes local variation in the density of colloid particles (average colloid particle size is 7 nm), thereby delineating the domain structure. This microfield is detected by polarization interferometer optics, which detects any unevenness at the nanometer scale and reveals domain structure with a pronounced three dimensional effect and at a high resolution that is limited only by that of the microscope (~0.4-0.6 μm). In-plane magnetic field was applied by placing the sample between the pole pieces of an electromagnet. For domain imaging, samples were first saturated in either positive or negative field, followed by decrease in field strength to zero and then cycled in the opposite direction. The domain observation system is automated and interfaced with an image frame grabber and a data acquisition card (for applied field). The experimental setup acquires and labels all images and data automatically. The software operating the acquisition card has the ability to embed important experimental information directly on the recorded, which are automatically collated and numbered as image galleries for subsequent analysis as 'virtual experiments'. reversal along the hard axis in these multilayers, one that is mediated by a domain wall even though reversal occurs entirely by rotation. This apparently counter-intuitive process can be explained as follows. Figure 6 (a I -a III ) shows a sequence of micromagnetic images corresponding to the three arrows marked in Fig. 6 (a). They show that at the point at which the slope of the magnetization curve changes (demarcated by the dotted lines in Fig. 6a ), a domain wall nucleates and sweeps across the entire sample. The micrographs in Fig. 6 (a I -a III ) were obtained by first saturating the sample in the negative direction, then reducing the field strength to zero, followed by increasing the field in the positive direction. An explanation for this behavior must reconcile the facts that reversal occurs by rotation, yet, a domain wall exist that does not registers any stepwise change in the magnetization curve. As shown schematically in Fig. 7 , consider magnetization to be initially aligned upwards along hard axis in a sufficiently strong field. On reducing the field strength to zero, magnetization can possibly rotate either clockwise or counter clockwise as it spontaneously aligns itself along the easy axis, giving a net zero magnetization along the vertical direction (the direction of measurement). Both senses are equivalent and rotation occurs along both senses, and at zero-field the sample sub-divides itself into a selfconsistent arrangement of magnetization fluctuations within a narrow cone angle about the easy axis, as shown in Fig. 7 . As the sign of the applied field changes in the negative (downward) direction, at a critical field a preferred nucleus forms and grows to homogenize the entire sample into a single domain, as shown in Fig. 6(a I -a III ) . At the same time, this process does not causes a stepwise change in magnetization along hard axis since all magnetic fluctuations are already confined within the narrow cone angle along the easy axis (i.e., the net magnetization remains virtually unchanged due to the passage of this interface). Instead, motion of the observed interface manifests itself as a small change in slope, as shown by deviation from linearity in Fig.   6 (a). Next consider the dynamics of this interface. Figure 8 shows the emf signal emitted by the observed wall in Fig. 6 and vice versa in negative fields); this is also evident from Fig. 9(a) . Also note that in Fig. 8-9 , a small field range of less than ±200 Oe is shown simply to emphasize the reproducibility and profile of the emf signal. No wall motion occurs at higher fields, as shown in Fig. 9 (e).
Next, consider the cooperative motion of the twin wall as a function of sweep rate. As described in the section on Experimental Details, for these experiments two pickup coils were placed on the sample 1.0 cm apart, and the time taken by the twin wall to sweep this distance was measured. Figure 10 The emf signal assumes greater complexity in the form of multiple avalanches when the applied field is even a few degrees off the hard axis. This is shown in Fig. 11(a) corresponding to the hysteresis loop in Fig. 11(b) , where the field is 15 o off the hard axis; the inset in Fig. 11(b) is a zoom-in view of the magnetization curve. In Fig. 11(a) , the red trace and the blue trace represent two successive cycles of applied field in the positive direction. To highlight reproducibility of spectra over these two successive cycles, the sign of blue trace is algebraically reversed relative to red trace. In contrast to a single avalanche along the hard axis in Fig. 9 , magnetization reversal in Fig. 11(a) can be seen to occur by multiple avalanches. The insets show reproducibility of various avalanches from one cycle to another. Similarly, Fig. 11(c) shows a series of highly reproducible avalanches along the easy axis, corresponding to the hysteresis curve in Fig. 4(a) . Figure 12 (a-h) shows micromagnetics of lockstep motion of twin wall along the easy axis, corresponding to the magnetization curve shown in Fig. 4(a) . Following saturation in the negative direction, the field was reduced to zero, and then increased in the positive direction. as the field strength is increased, as shown in successive micrographs in Fig. 12(b-f) . The zoomin view in Fig. 12(c) shows that the coupled walls momentarily became separated (due to a local defect), but overlaps again, as shown in Fig. 12(d) . The zoom-in view in Fig. 12(f) shows that the coupled wall has the configuration of a twin wall. In Fig. 12(f) , the field strength was again reversed in order to move the twin wall backwards. Figure 12 (g-h) shows that this causes the polarity of the wall to be reversed as it begins to move towards the lower-right direction. The attached Movie-1 in the Supplementary documents shows the entire process in greater detail.
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IV. DISCUSSION
Generally, the sequence of emf spikes in a Barkhausen spectrum bears no correlation with the sequence of spikes in successive field cycles (referred to as 'lack of reproducibility' of Barkhausen spectra); no two set of sequences are ever alike. This is because each time the sample is cycled in a magnetic field, magnetization reversal occurs randomly in numerous microscopic regions of the material. Not only the volumes of these microscopic regions varies from one cycle to another, the sequence and rate at which it occurs is also random, thus giving a different spectrum each time the sample is cycled. However, a handful of insightful previous studies have shown limited reproducibility in small field excursions, in small samples, or over small distances. [74] [75] [76] [77] [78] [79] The reproducibility of magnetic avalanches in the present study occurs along the entire major magnetization loop, and the same set of emf avalanches are reproducibly transmitted over macroscopic distances. The observed reproducibility has its origins in the highly synchronized and cooperative motion of domain walls in different layers. The cooperative motion of domain walls in these strongly exchange coupled multilayers as the basis for the observed reproducibility is contrasted with the behavior of a magnetic single film and a multilayer with weak interlayer coupling in Fig. 13 . Figure 13 (a I ) schematically shows a magnetic single film in which remagnetization occurs by the nucleation and growth of multiple reversed domains. This is shown in Fig. 13(a II ) for a TbFe film, where numerous maze-like reversed domains can be seen; the field dependent behavior of such TbFe single films is discussed in detail elsewhere. 80 Each time the sample is cycled in a magnetic field, it emits a random sequence of voltage spikes due to a multitude of uncorrelated domain reversal processes in microscopic regions of the sample, as shown for two different cycles in Fig. 13 Fig. 13(b I ). Such a case is shown in Fig.   12 13(b II ) for a TbFe/FeCo multilayer, where non-overlapping reversed domains in different layers are marked by the arrows; the micromagnetic behavior of such films is discussed in detail elsewhere. 61 As a result, there is limited coordination of domain wall motion in different layers, which leads to limited reproducibility of Barkhausen spectrum from one cycle to another, as shown in Fig. 13(b III ) . Note that in contrast to the single film in Fig. 13(a II ) , the number of voltage spikes in Fig. 13(b II ) is now greatly reduced, and their amplitude is greatly enhanced.
Next consider the strongly exchange coupled TbFe/FeCo multilayer used in the present study. As discussed earlier, these multilayers undergo magnetization reversal by nucleation and motion of a single twin wall across the entire area of the sample. Moreover, since the adjacent layers are negatively exchange coupled, a reversed domain in one layer immediately triggers the nucleation of a corresponding reversed domain in adjacent layers, as shown schematically in Fig. 13(c I ) . In other words, nucleation of a reversed domain in a given layer immediately triggers the nucleation of an entire set of reversed domains through the multilayer thickness. Once such a superstructure of stacked reversed domains is formed, it moves in unison, as shown in Fig. 13(c II ) , where a twin wall can be seen. Due to the highly coordinated motion of a single twin wall, highly reproducible Barkhausen spectrum are observed from one cycle to another, as shown in Fig. 13(c III ) . Over repeated cycling, the same nuclei forms repeatedly and expands in the same defect environment.
Also note the existence of a single avalanche in Fig. 13 (c III ) in comparison to multiple spikes in 
V. CONCLUSIONS
The reproducible magnetic avalanches along different in-plane directions are a result of highly synchronized motion of overlapping domain walls in different layers (twin-wall).
Reproducibility is possible since only a single twin wall moves across the entire macroscopic length of the sample. The dynamic studies also reveal a new mode of magnetization reversal along the hard axis in these multilayers, one that is mediated by a domain wall. 
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